To study the influence of indentation on the fatigue strength of untreated and carbonitrided specimens of S38C steel, the fatigue limit of specimens with and without indentations was tested. Fracture surfaces were observed using scanning electron microscopy (SEM). The results show that the fatigue strength of the untreated specimen decreases with increasing dimension of indentation, without significant difference compared to the predicted results. Compared to the fatigue limit of the untreated specimen, those of the carbonitrided specimen and the carbonitrided specimen whose compound layer was polished were improved by 12% and 40%, respectively. The fatigue strength of the carbonitrided specimen decreased sharply with increasing indentation size because of the presence of microcracks in the compound layer. When the compound layer was removed, the fatigue limit was observed to be less sensitive to indentation than that of the carbonitrided specimen.
Introduction
A large number of surface treatment methods have been developed with the target of hardening a material's surface and introducing compressive residual stress to enhance component service performance, such as corrosion resistance, fatigue resistance, wear resistance, or fretting resistance [1] . Nitriding and carbonitriding have been widely employed in modern manufacturing because of their energy conservation, environmental friendliness, high efficiency, good repeatability, and good flexibility [2] . Nitrogen and carbon atoms diffuse into the matrix, forming compounds with Fe or precipitates with alloy elements and also leading to lattice distortion. The strength of the material surface is hardened by the precipitates, and compressive stress is introduced by the expansion of the diffusion layer [3] . Cyclic slip of the surface material is arrested, and the high-cycle fatigue-crack initiation site usually shifts to the subsurface because of the surface hardening and residual compressive stress [4] .
Generally, a carbonitrided layer comprises two layers: a compound layer (which sometimes includes an oxide layer) and a diffusion layer. The compound layer, also called the white layer, consists of -Fe 4 N, -Fe 3 N, or a mixture of both, depending on the carbonitriding conditions [5] . Because of its high hardness and electrochemical stability, this layer plays an important role in enhancing the wear resistance and corrosion resistance of treated materials; however, the diffusion layer rather than the compound layer plays a dominant role in determining the fatigue strength [6] . Undeniably, the roughness and brittleness of the compound layer and the micropores formed by the release of nitrogen molecules of the thicker compound layer detrimentally affect the fatigue strength and wear resistance of treated materials [7] . In the contact fatigue test or wear test, the compound layer fails by delaminating and breaking into pieces, which deteriorates the test conditions [8] .
Carbonitriding has been demonstrated to decrease the notch sensitivity of notched specimens and to increase the fatigue strength of notched specimens by a large margin [9] . However, the literature contains few reports focused on the effect of surface defects on the fatigue behavior of carbonitrided specimens. Recently, the authors of two papers considered the influence of small artificial surface defects on the fatigue behavior of nitrided and shot-peened steel; 2 Advances in Materials Science and Engineering however, they did not consider the effect of the compound layer [10] . Nitriding causes an appreciable reduction of the impact fatigue strength and the Charpy impact resistance [11] . The compound layer forms microcracks or breaks into pieces when impacted. The microcracks and notches formed by impact may negatively affect the fatigue strength of carbonitrided specimens. In this study, medium carbon steel was gas carbonitrided. The influence of indentation on the fatigue behavior of carbonitrided specimens (CN) and carbonitrided specimens with the compound layer being polished (CNP) was studied and compared with the fatigue properties of an untreated specimen (UCN).
Material and Methods
Hourglass specimens with a minimal diameter of 10 mm were machined from a railway axle made from S38C steel (JIS); the specimen was machined along the axial direction. The steel of the specimens was plain steel; its chemical composition is presented in Table 1 . The ultimate tensile strength of the steel was UTS = 640 MPa, the monotonic yield strength was 330 MPa, and the hardness was HV200. The surface of the specimen was mechanically polished to a mirror surface with a roughness less than 0.2 m. Carbonitriding was performed in a mixture gas (NH 3 , O 2 , C 2 H 2 OH, H 2 O, and N 2 ) at 620 ∘ C for 2.5 h and then cooled in air. The indentation was performed using a hardness tester (HBE-3000A), as shown in Figure 1 . The load was adjustable, and the diameter of the indenter used in the experiments was 1587.5 m. The morphology of the indentation was examined using laser confocal microscopy (VK-9710K), and its geometric size was measured.
Cross sections of both untreated and treated specimens were polished and etched with 4% nital solution. The microstructure was observed using laser confocal microscopy. The hardness profile of the carbonitrided layer was measured on a micro-Vickers hardness tester (HVS-1000Z) using an indentation load of 100 g for 15 s. The thickness of carbonitrided layer was defined according to the hardness profile (50HV0.1 higher than that of the matrix). The oxide layer was very thin and easy to polish away to expose the compound layer. The specimen for phase analysis of the diffusion layer was ground and polished to a mirror finish, and the thickness of the specimen was checked using a micrometer. The phase was analyzed using a Philips X'Pert PRO X-ray diffractometer (Cu-K radiation source, = 1.544Å).
Fatigue tests were conducted by employing a resonance fatigue tester (GPS-100). The load was variable over the range from 0.1 to 100 kN, and the index value was 0.002 kN. The fatigue tests were performed with a sinusoidal stress wave and an axial tension-compression stress ratio of = −1. The cyclic frequency was 140 Hz. The number of run-out cycles was set at 5 × 10 6 . Staircase tests were performed, and the fatigue limit 0 was calculated according to (1) , where ( = 1 to /2) is the sum of the fatigue limit of two specimens in /2 paired specimens. Sixteen to twenty specimens were tested for each type of specimen to obtain the fatigue limit.
The fractured surfaces of the specimens were observed using scanning electron microscopy (SEM, JEOL-7001). Consider (Figure 4(b) ). The diffraction pattern shows that the diffusion layer is -Fe (Figure 4(c) ), without differences with the matrix (Figure 4(d) ). example, microcracks, are observed. The surface of the CN is covered with iron nitrides, which are hard and brittle, as illustrated in Figures 2(b) and 3 . The compound layer cracks even when the indentation is smaller, resulting in radialmedian microcracks ( Figure 5(b) ). When the indentation of the CN is larger, the density of microcracks on the surface of the indentation increases and the radial microcracks also appear around the indentation of the CN ( Figure 5(c) ). The morphology of indentation of the CNP is similar to that of the UCN ( Figure 5(d) ), and even the diffusion layer is hardened. Figure 6 , the fatigue limit of the smooth UCN is 250 MPa. The fatigue limit of the indented UCN decreases slightly with increasing projected area of the indentations. If the indentation is considered as a defect, such as a surface inclusion, then the fatigue limit can be obtained according to equation proposed by Murakami and Usuki (see (2) ) [12] . Consider = 1.43 ⋅ (HV + 120) (√area)
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where is the tension-compression fatigue limit of the indented specimen (MPa), HV is Vickers hardness (kgf mm −2 ), and area is the projected area of indentation ( m 2 ) on the cross section perpendicular to the axial direction. The theoretical value in Figure 6 appears to be greater than that obtained by experiment; however, the largest disparity was less than 3%.
The fracture surface of the smooth specimen of UCN can be divided into three zones (Figure 7(a) ): the initiation site, the crack propagation zone, and the final fracture zone. The crack initiated from the surface and propagated into the specimen perpendicular to the specimen surface (Figure 7(b) ). In the case of the indented UCN, its fracture surface is similar to that of the smooth specimen (Figure 8(a)) ; however, the crack initiates from the bottom of the indentation because of the local plastic deformation caused by cyclic stress concentration (Figure 8(b) ).
During the formation of the indentation on the UCN, the indented site undergoes plastic deformation, as shown in Figure 5 . The local region was hardened by the plastic deformation around the indentation, and residual compressive stress was introduced by plastic deformation (as analyzed by the finite element method, and consistent with the study results of Bagherifard et al. [13] ). However, the indentation, which is a type of geometrical discontinuity, deteriorates the fatigue limit of the indented specimen because of stress concentration. The fatigue limit decreases with increasing defect size, and the relationship of the fatigue limit to the defect size is given by (2) proposed by Murakami and Usuki [12] . Taking surface hardening and residual compressive stress into consideration, we expected the fatigue limit of the indented specimens to be higher than the theoretical values calculated on the basis of the matrix hardness and the projected area of the defect [14] . In fact, no significant differences exist between the values (Figure 6 ). First, the largest indentation depth is less than 200 m, and the diameter is less than 1000 m. Unlike shot peening [13] , the depth and breadth of the deformation volume around the indentation are small and local hardening does not significantly contribute to the fatiguecrack initiation resistance and crack propagation resistance. In addition, the relaxation of the residual compressive stress is an irresistible process under cyclic stress, especially under high stress [15] . Under the fatigue test conditions used in this work, the faint effect of residual compressive stress on the bottom of the indentation is completely lost. As a result, the crack initiates from the bottom of the indentation and leads to failure of the specimen (Figure 8 ). The differences between the experimental fatigue limits and the theoretical values can be neglected, and the fatigue limit of the indented UCN can be predicted using (2), identical to the cases of inclusions and notches with the same dimensions.
The fatigue limit of the CN is 280 MPa, which is 12% higher than that of the UCN. The fatigue limit of the indented CN decreases sharply with increasing indentation dimension. When the square root of the indentation projected area is greater than 300 m, the fatigue limit of the CN is lower than that of the UCN. The equation proposed by Murakami and Usuki [12] is not applicable here because of the gradient of hardness of the case layer.
The fatigue crack of the smooth CN originates from the surface (Figure 9(a) ). Pores in the oxide layer and in the compound layer act as the crack initiation sites. The fracture surface of the compound layer is flat, without any signs of plastic deformation (Figure 9(b) ). At the intersection of the compound layer and the diffusion layer, the brittle fracture surface is displaced by plastic striations. Premicrocracks in the compound layer of the indented CN propagate into the specimen (Figure 10 ).
During the carbonitriding process, a compound layer formed on the surface of the CN with a mixture of Fe 4 N and Fe 2-3 N (Figure 4(b) ). Both of the two phases are hard and brittle. layer is also improved according to the relationship between strength and hardness. For a smooth ductile specimen, as is well accepted by researchers, the cracks nucleate in the form of intrusion and extrusion of the surface material. The hardened layer with a higher yield stress delays the crack initiation. Residual compressive stress introduced by volume expansion and lattice distortion in the hardened layer also contributes to the enhancement of the fatigue limit of the CN. However, the pores in the oxide layer roughen the surface of the CN specimen and serve as stress concentration sites, as shown in Figure 9 (b). In addition, voids are observed on the top of the compound layer induced by the emission of nitrogen gas. These surface defects weaken the positive effect of carbonitriding on the fatigue strength, even decreasing the rotating-bending fatigue limit of high-strength steel, as reported by Farrahi and Ghadbeigi [16] . The fatigue limit of the CN specimen is only enhanced by 12% with respect to that of the smooth UCN specimen, and cracks initiate from the surface defects of the CN (Figure 9(a) ). When a small indentation was introduced in the CN, radial-median microcracks formed in the indentation caused by the rupture of the hard and brittle compound layer, as observed in Figure 5(b) . The surface integrity and stress condition are affected by the presence of indentation and microcracks. The precracks propagate under cyclic stress and lead to failure of the specimen (Figure 10 ). The fatigue limit is reduced by a small margin (Figure 6 ), but it remains higher than that of the UCN. When the indentation is larger, as shown in Figure 5 (c), the compound layer on the surface of the indentation is crushed, and radial cracks form around the indentation. Some of the radial cracks, which are perpendicular to the axial direction, are fatal for the fatigue strength. Thus, the fatigue limit exhibits a sharp decrease, even lower than that of the UCN with a defect with the same dimensions ( Figure 6 ). In fact, the effective area of the defect is enlarged if the precracks are considered.
The fatigue limit of the CNP is improved by 40% and 24% with respect to those of the UCN and the CN, respectively. Although the fatigue limit of the CNP decreases when the projected area of indentation is larger, it remains higher than those of the UCN and the CN. The failure of the CNP still starts from the surface, as shown in Figure 11(a) . Notably, cracks originate from several sites (Figure 11(b) ). Cracks of the indented CNP, similar to the other indented specimens, propagate from the bottom of the indentation with the largest stress concentration (Figure 12 ).
After the compound layer is removed by mechanical polishing, the surface of specimen is free of the defects left by carbonitriding and the fatigue strength exhibits an improvement of 40% in comparison with that of the UCN. During mechanical polishing, the mechanical property and stress condition of the top layer may well be altered by grinding. The cracks of the CNP originate from the surface. Although the cracks have been reported to start from internal inclusions in some works, in fact, the location of a crack initiation site is controlled by several factors, including the surface condition, stress amplitude, and material cleanliness [17] .
The indented CNP is free from precracks caused by indentation, and the fatigue limit gradually decreases with increasing indentation size. The fatigue limit is still greater than 300 MPa, even when the size of the defect reaches 300 m. The crack initiation site is located at the bottom of the indentation for stress concentration (Figure 12) , as is the case of the indented UCN.
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The compound layer does not significantly affect the fatigue strength, especially in the case of a defect-free compound layer; however, this lack of effect of the compound layer is not the case for a specimen under impact [6, 18] . Removal of the compound layer can inhibit the formation of microcracks and delamination when a carbonitrided specimen is exposed to an impact force. However, removing the compound layer or not should not neglect the working condition of carbonitrided components.
Conclusions
In this study, artificial indentations were produced on UCN, CN, and CNP specimens of S38C plain steel. The fatigue property of specimens with and without indentation was assessed. The main results are summarized as follows: (i) The fatigue limit of the S38C specimen (250 MPa) was increased by 12% after carbonitriding. When the compound layer was removed, the fatigue strength was enhanced by up to 40% compared to that of the untreated specimen.
(ii) The fatigue limit of the UCN decreased with increasing indentation size. The fatigue strength of the indented CN decreased sharply because of the microcracks caused by crushing of the compound layer, whereas the fatigue strength of the indented CNP gradually decreased and remained higher than those of the indented UCN and the indented CN with the same-sized indentation.
(iii) The fatigue cracks of the UCN and the CNP started from the surface, whereas that of the CN originated from a defect (e.g., pores in the oxide layer and voids in the compound layer). When indentations were introduced, the UCN and the CNP failed, with a fatigue crack originating from the bottom of the indentation because of the stress concentration effect. The precracks in the compound layer caused by indentation led to failure of indented CN under cyclic stress.
